Abstract Humeral head retroversion is not well described with the literature controversial regarding accuracy of measurement methods and ranges of normal values. We therefore determined normal humeral head retroversion and assessed the measurement methods. We measured retroversion in 65 cadaveric humeri, including 52 paired specimens, using four methods: radiographic, computed tomography (CT) scan, computer-assisted, and direct methods. We also assessed the distance between the humeral head central axis and the bicipital groove. CT scan methods accurately measure humeral head retroversion, while radiographic methods do not. The retroversion with respect to the transepicondylar axis was 17.9°and 21.5°w ith respect to the trochlear tangent axis. The difference between the right and left humeri was 8.9°. The distance between the central axis of the humeral head and the bicipital groove was 7.0 mm and was consistent between right and left humeri. Humeral head retroversion may be most accurately obtained using the patient's own anatomic landmarks or, if not, identifiable retroversion as measured by those landmarks on contralateral side or the bicipital groove.
Introduction
Humeral head retroversion affects the mechanics of the glenohumeral joint. Mobility and stability of the shoulder are directly dependent on the amount of retroversion [5, 31, 32, 38, 41, 50, 51] . Clinically, reestablishing normal retroversion is essential when implanting a humeral prosthesis for any indication, but particularly in fractures of the proximal humerus [3, 4, 9, 10, 12, 21, [39] [40] [41] [42] 44] . Correct retroversion of the humeral component is important because it affects the position of the instant center of rotation [5] , the stability of the joint [38, 50, 51] , and the amount of external rotation [39, 41] . However, establishing humeral head retroversion has been controversial in previous literature (Table 1) . This is owing to several factors, including the definition of humeral head retroversion, varying methods of measurement, ranges of normal values, contralateral variations, and the accuracy of anatomic landmarks to guide determination of anatomic retroversion. Humeral head retroversion is generally defined with respect to the plane of the humeral head articular surface proximally, but distally, the reference axis has been debatable, including the transepicondylar axis [2, 7, 11, 23, 28, 33, 34, 46, 47, [48] [49] [50] [51] , trochlear tangent axis [16, 24, 31, 32, 43, 45, 52] , or the forearm axis [9, 10, 23, [40] [41] [42] . Methods of measurement have included direct anatomic [6, 28, 33, 37] , radiographic [11, 12, 31, 32, 46, [50] [51] [52] , ultrasound [26] , computed tomography scan [7, 23, 34, 47] , MRI [15] , and computer-assisted methods [13, 48, 49] .
Mean normal values are quite variable, ranging from 10°to 40°( Table 1) . As well, some authors have found a considerable difference between contralateral measurements [7, 16] , whereas others have found no difference [13, 23, 43] . Finally, some authors have found the bicipital groove is a useful anatomic landmark for guiding anatomic recreation of retroversion [8, 15, 22, 24, 25, 27, 33] . Treatment of a variety of shoulder abnormalities requires a thorough knowledge of normal values of humeral head retroversion and an accurate objective method for determination and reproduction of the normal humeral head retroversion of the patient. Therefore, our primary objective was to ascertain normal values of humeral head retroversion. Our secondary objectives were to assess the precision of radiographic and computed tomography (CT) scan methods of measurement, and to assess the accuracy of using the contralateral humerus or the bicipital groove as bony landmarks to guide reproduction of anatomic humeral head retroversion. We hypothesized: (1) normal values of humeral head retroversion would be at the lower end of previously reported values; (2) radiographic methods would be less accurate than CT scan methods of measurement; and (3) contralateral humeral head retroversion and the bicipital groove would provide consistent landmarks to guide reproduction of humeral head retroversion.
Materials and Methods
We determined humeral head retroversion in cadaveric humeri using four different measurement methods: a radiographic method; a CT scan method; a computerassisted method; and a direct method. We assessed the precision of the radiographic and CT scan method using the computer-assisted and direct methods as ''gold-standard'' references. We then determined the relationship between the retroversion of the contralateral humeri and between the location of the bicipital groove and the humeral head retroversion, and assessed the precision of using these methods to guide reproduction of humeral head retroversion.
In a pilot study performed prior to this study, two observers (PB, GW) measured the humeral head retroversion in 10 specimens (unpublished data). Each observer performed five measurements using each method. The intraobserver variation in the measurements was less than 3°f or each measurement method. Using the computer-assisted method, the standard deviation for both intra-and interobserver error was less than 1 mm for linear measurements and less than 1°for angular measurements. The direct method was more subject to intraobserver error and therefore was not used as the method of reference. Based on the data obtained in this pilot study, a power analysis was performed to estimate the sample size needed to detect what would be considered clinically relevant differences in humeral head retroversion. The alpha level was set at 0.05 to detect a desired difference of 80% of normal values, and a minimal detectable difference was set at 5°. To detect a difference between measurement methods, 50 specimens were required, using a one-way analysis of variance (ANOVA). We used 65 fresh humeri from 39 white cadavers with a mean age of 86 years (range, 67-95 years). This included 33 right and 32 left humeri, of which 52 were paired (ie, 26 pairs). Information about the patient gender of the humeri was unavailable. We carefully dissected the humeri free of all soft tissue, taking care to avoid damage to the articular cartilage. We excluded any humeri with evidence of arthritis, trauma, or dysplasia.
Measuring humeral head retroversion required defining several axes on each humeri: (1) the humeral head axis, a line perpendicular to the plane formed by the boundaries of the humeral head articular surface; (2) the elbow transepicondylar axis, determined by a line between the most medial and the most lateral extension of the distal humerus; and (3) the elbow trochlear tangent axis, defined as the axis tangent to the anterior border of the trochlea and the lateral condyle.
The first method of humeral head retroversion measurement, a radiographic method described by Kronberg et al. [31, 32, 52] , used a single radiograph taken in the semiaxial view. The humerus was placed on a special frame in the position recommended by these authors, in which the humeral head and epicondyles were clearly projected onto a radiograph. We then determined humeral head retroversion as the angle between the humeral head axis and the elbow tangent axis (Fig. 1 ).
The second method used a CT scan performed in the axial plane with 5-mm-thick contiguous slices of the proximal and the distal epiphysis of each humerus. We performed the CT scans either with an Elscint 2400 (Elscint, Hackensack, NJ) or a CGR 1000 (General Electric Co Medical System Division, Milwaukee, WI) CT scanner equipped with software for measurement of the linear and angular parameters. Two methods have been described in the literature for determining the boundaries of the articular surface of the humeral head on CT scan (Fig. 2A) . The method of Bernageau [2] uses the boundaries of the anatomic neck axis indicated by the junctions between the humeral head articular surface and the lesser tuberosity anteriorly and the greater tuberosity posteriorly. However, these boundaries, marked by a depression corresponding to the insertion of the articular capsule, are not always easily identified. For this reason, we chose to define the boundaries of the articular surface using the limits of the subchondral bone as described by Laumann and Kramps [34] . This decision was reinforced by the fact the limits of the humeral head articular cartilage, and therefore the subchondral bone, were the same as those chosen for the other three methods used in our study. Humeral head retroversion was defined as the angle between the humeral head axis and the elbow epicondylar axis (Fig. 2B) .
The third method, the ''computer-assisted'' method, used surface measurements performed using an industrial coordinate measuring machine (METROLOGIC MT1; Metrologic Instruments, Meylan, France) and accompanying software (METROSOFT-3D; Metrologic Instruments). This machine was equipped with a custom-designed frame to hold the humerus fixed at the humeral head and the elbow, allowing rotation about its diaphyseal axis (Fig. 3  A) . After calibration, we obtained points on the surface of the humerus using a probe to digitize a series of parallel slices at 5-mm intervals at the level of the proximal and distal epiphysis and at 10-mm intervals along the diaphysis. The probe digitized 36 points for each slice. We also obtained points on the articular surface and at the periphery of the humeral head articular surface. A minimum of 1200 points were digitized for each humerus. We then created a three-dimensional reconstruction of the humerus. The computer software calculated a best-fit sphere of the articular surface of the humeral head and the plane of the anatomic neck axis. Humeral head retroversion was defined as the angle between the humeral head axis and both the elbow epicondylar axis and the elbow tangent axis (Fig. 3B) . The accuracy of this coordinate measuring machine, as quoted by the manufacturer, was 10 lm and was considered unimportant for this application.
The fourth method, the ''direct'' method, used direct calculation of humeral head retroversion after an osteotomy at the periphery of the humeral head articular cartilage (ie, the anatomic neck) as is usually performed during humeral head arthroplasty. We measured humeral head retroversion using a custom-designed apparatus modeled after the ''tropometer'' of Broca [6] and the ''torsionometer'' of Krahl and Evans [17, [28] [29] [30] (Fig. 4) . The humeri were secured in a vice and a 180°protractor was fixed on the epicondyles using a pair of pointers. A cursor, on which was mounted an axis of adjustable length, was able to slide on the protractor and was adjustable to rest flat on the cut surface of the anatomic neck osteotomy. We then measured the humeral head retroversion as the angle between the humeral head axis and the elbow epicondylar axis. We found this method more precise than those proposed by Broca [6] and Krahl and Evans [17, [28] [29] [30] because it eliminated the subjective determination of the axis of the humeral head.
Each humerus underwent measurement sequentially by the radiographic method and the CT scan method, followed by the computer-assisted method, and finally the direct method. Each method was performed by a single observer (PB) who was blind to the results of previous measurement techniques.
The CT scan method and the computer-assisted method enabled measurement of the distance between the central axis of the humeral head (defined as the center of rotation of the humeral head articular surface) and the posterior margin of the bicipital groove as performed by Tillet et al. [54] . This was performed on 20 humeri (ie, 10 pairs) to allow comparison of contralateral differences.
We used a one-way analysis of variance (ANOVA) to compare the measurements obtained with the radiographic and CT scan methods with those obtained with the method of reference (ie, the computer-assisted method). We examined correlation between paired right and left humeri using a regression analysis. Significance was set at p \ 0.05.
Results
The mean retroversion angle obtained with the computerassisted method was 17.9°(95% confidence limit, 14.5-21.3) when measured with respect to the transepicondylar axis ( Table 2 , Fig. 5 ), and 21.5°(95% confidence limit, 17.5-25.2) when measured with respect to the elbow trochlear tangent axis ( Table 2) .
The radiographic method overestimated (p = 0.046) the humeral head retroversion in comparison to the computerassisted method. However, there was no difference (p [ 0.05) between humeral head retroversion obtained by the CT scan method, the direct method and the computerassisted method.
Mean retroversion differed (p = 0.0008) between the right and left humeri by 8.9°(95% confidence limit, 7.1-10.7). However, the right and left retroversion correlated (r = 0.79, p = 0.0007) in the same individual (Fig. 6) . The equation of the regression line was y = 0.79x + 5.27, in which y is the right retroversion and x is the left retroversion for the same individual. The mean distance between the central axis of the humeral head and the posterior margin of the bicipital groove was 7.0 mm (95% confidence limit, 6.1-7.9) (Fig. 7) . There was no difference (ie, \ 1-mm difference) between right and left humeri.
Discussion
Many authors have attempted to determine values of humeral head retroversion using a variety of techniques [6, 7, 11, 12, 13, 17, 23, 26, 28-34, 37, 46-52] (Table 1) . However, confusion remains as to normal values and the precision of different measurement methods. Clinically, reproducing normal retroversion is essential when implanting a humeral prosthesis, but the method of measurement, particularly in situations where direct assessment of anatomy has been compromised, remains elusive [3, 4, 9, 10, 12, 21, [39] [40] [41] [42] 44] . Therefore, the aims of this study were to ascertain normal values of humeral head retroversion, to assess the accuracy of radiographic and CT scan methods of measurement and to assess the accuracy of using the contralateral humerus or the bicipital groove as There are several limitations of this study. First, only one measurement was performed for each specimen using each method of measurement by a single observer. However, in a previous pilot study, intra-and interobserver error was minimal. Second, for the computer-assisted method, used as the reference method, some error may still be attributed to the selection of the data points on the bone surface. We attempted to reduce the margin of error by using a reproducible methodology and homogeneous temperature conditions. Finally, the cadaveric nature of this study and the fact that each specimen was stripped of soft tissue may have contributed to errors in assessment of anatomy and measurement. However, we believe these errors are minimized with our standardized methods.
The mean humeral head retroversion found in this study is at the lower end of values previously reported in the anatomic literature [6, 7, 11, 13, 15, 17, 23, 28, 30, 35, 37, 49] . However, values recommended in the surgical literature are between 30°and 40° [9, 10, 12, 19, 32-34, 40-42, 46-48, 50] . Two geometric considerations can assist in explaining this difference. First, previous interpretations of retroversion have not taken into account the posterior displacement of the humeral head articular surface, which is between 2 mm and 7 mm [4, 48, 54] . It is probable that a larger retroversion has been recommended to avoid increased anterior offset of the prosthetic humeral head [4, 14, 20] . Second, there is a mean carrying angle of 10°to 20°at the elbow [36, 47, 53, 55, 56] . Adding this angle to the mean retroversion of 20°found in this study with respect to the transepicondylar axis achieves a close approximation of the 30°to 40°in the surgical literature. However, previous authors report some variation is present between individuals for both values of humeral head posterior offset [4, 48, 54] and carrying angle [36, 47, 53, 55, 56] . Therefore, accounting for these differences by increasing retroversion may result in correct positioning in some patients, but large errors in others.
The CT scan method appears superior to the radiographic method for evaluation of humeral head retroversion. This is consistent with the findings of previous authors [23] . However, other factors may still result in a CT scan method being somewhat less desirable. First, pain may limit the ability of the patient to undergo extensive CT scans of both the shoulder and elbow. Also, the additional time, cost and radiation dose may limit the usefulness of this method. However, in comparison to the costs and risks associated with a poor outcome or revision surgery, we believe this minimal.
The large variation of humeral head retroversion between individuals and from side to side in the same individual found in this study makes questionable its reproduction using a standard value. Surgeons should seek more accurate landmarks to ensure recreation of humeral head retroversion. The true anatomic neck represents the first important landmark and can be identified by trimming the marginal osteophytes from around the humeral head before the humeral head osteotomy [4, 18, 40] . However, in situations in which the anatomic neck is not identifiable (ie, severe bony destruction and proximal humerus fractures), another method may be useful. One method would be to use the contralateral humerus as a guide. Some authors have found a considerable side-to-side difference [7, 16] , whereas others have found none [13, 23, 43] . Although we found a considerable side-to-side difference, further analysis shows this may still be a better approximation than using a constant value. Using a constant value of 20°for humeral head retroversion (as often suggested for proximal humerus fractures) we found a mean miscalculation of 11.5°(95% confidence interval, 9.6-13.4). This is a lower miscalculation than the mean miscalculation of 8.9°(95% confidence limit, 7.1-10.7) found using the contralateral humerus. Therefore, although certainly less accurate than using the ipsilateral native anatomic axis, contralateral measurements appear more accurate than using a set constant value.
A second method is to use the bicipital groove as a guide. Placing the lateral fin of the prosthesis 7 mm posterior to the posterior margin of the bicipital groove allows reproduction of anatomic humeral head retroversion with a good approximation. This is similar to the findings of other authors, who have found an average distance between 6 mm and 11.8 mm [8, 15, 24, 33] . However, the bicipital groove is somewhat S-shaped with the groove being more retroverted distally; therefore, one must be careful of the level of measurement [1, 25] . A more accurate step would be to measure this distance on the normal side preoperatively with a CT scan and extrapolate it to the abnormal side, because the difference between contralateral sides is less than 1 mm in our study.
We compared several methods of measurement of humeral head retroversion in cadaveric humeri. We found a mean value of humeral head retroversion of approximately 20°with respect to the epicondylar axis of the elbow. A CT scan method allowed accurate measurement of humeral head retroversion, but a radiographic method did not. However, there was a large variation between specimens and, to a lesser extent, between contralateral paired humeri. Bicipital groove location was also a reproducible landmark between contralateral paired humeri. Therefore, assessment of anatomic humeral head retroversion may be most accurately achieved based on the patient's own anatomic landmarks or, if these are not identifiable, the contralateral retroversion based on those landmarks or the bicipital groove. Fig. 7 Contrary to humeral head retroversion, the distance between the central axis of the humeral head and the bicipital groove is essentially constant (average, 7.0 mm, 95% confidence limit, 6.1-7.9) and the difference between sides is less than 1 mm.
